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This article presents a simple measurement setup for characterization of a combined near-field
scanning optical and atomic force microscopy ~NSOM/AFM! using an aperture Si based probe. A
technological approach has been found for the fabrication of a miniature aperture at the apex of a
SiO2 tip on a Si cantilever for NSOM using a ‘‘low temperature oxidation and selective etching’’
~LOSE! technique. The optical transmission efficiency ~throughput! of the fabricated probe was
measured to be about 1022 when the aperture size was approximately 100 nm, which is several
orders of magnitude higher than that of conventional optical fibers and is also higher than other
published throughput on micromachined tips due to a large curvature angle of the SiO2 tip. An
extension of the LOSE technique for the fabrication of a tip with a tiny aperture having a metal
nanowire at the center of the aperture for a multipurpose NSOM probe is also presented. Using the
proposed measurement setup and the fabricated probe, NSOM and corresponding AFM images in
contact and tapping modes of several surfaces are obtained. © 2000 American Institute of Physics.
@S0034-6748~00!01308-3#I. INTRODUCTION
Near-field scanning optical microscopy ~NSOM! has
been extensively studied owing to the capabilities for optical
imaging and spectroscopy with spatial resolution beyond the
diffraction limit of the light,1 for subwavelength
photolithography,2 and next generation optical data storage3
using the near-field light. NSOM is mostly based on the can-
tilevered probe where the field of light has to be confined and
controlled at a subwavelength size aperture.
Currently, tapered and metal-coated optical fiber and
glass micropipette with a metallic aperture at the end of the
tip as light emitting probes are most widely used for
NSOM.4,5 The aperture-sample distance is normally kept
constant by utilizing a shear force,6 or optical deflection de-
tection techniques. Although many improvements have been
achieved in fabrication of such fiber and pipette probes and
such probes are commercially available,7 problems remain. It
was difficult to fabricate NSOM probes with high reproduc-
ibility and high optical transmission efficiency. To overcome
the drawbacks of the fiber and pipette probes, several tech-
nological approaches have been proposed for fabrication of
the aperture NSOM probe on the basis of Si micromachining
technology.8–10 Nevertheless, a simple and inexpensive tech-
nique to fabricate the NSOM probe with high reproducibility
for mass production and high optical transmission efficiency
has not yet been achieved. So far, we have proposed a simple
technique named low temperature oxidation and selective
etching ~LOSE! to fabricate the aperture at the apex of a
SiO2 tip on a Si cantilever for the NSOM probe.11
a!Author to whom correspondence should be addressed; electronic mail:
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cal characterization of the combined NSOM/atomic force
microscopy ~AFM! probe. A simple measurement setup for
evaluation of the optical transmission efficiency or through-
put ~i.e., the ratio of the near-field photon intensity at the
aperture and the corresponding far-field intensity! for the ap-
erture NSOM probe is presented. The dependence of the op-
tical transmission through the fabricated aperture on the ap-
erture size is experimentally evaluated. A technological
approach for the fabrication of a tip which consists of an
aperture and a metal nanowire at the center of the aperture
for a multipurpose NSOM probe is presented. A simple mea-
surement setup for characterization of the fabricated NSOM/
AFM probe is developed based on AFM equipment
~OLYMPUS-NV2000!.
II. FABRICATION PROCESS AND THROUGHPUT
MEASUREMENT
A. Fabrication of the aperture at the apex of the SiO2
tip on Si cantilever
The aperture at the apex of the SiO2 tip on the Si canti-
lever is fabricated using the LOSE technique that is pre-
sented in Ref. 11. The process chart of the LOSE technique
is outlined in Fig. 1. Briefly, after forming a pyramidal etch
pit for the tip and structure for the cantilever on a Si ~100!
oriented wafer, n type, resistivity 0.01–0.1 V cm, 200 mm
thick ~step a, Fig. 1!, the sample is thermally oxidized in wet
oxygen at 950 °C for about 1 mm in thickness ~step b!. A
protective chromium ~Cr! film about 80–100 nm in thickness
is deposited on the upper side of the tip area ~step c!. Next,
the Si cantilever having the SiO2 tip at the end of the
cantilever is released by anisotropic etching of the wafer1 © 2000 American Institute of Physics
o AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
3112 Rev. Sci. Instrum., Vol. 71, No. 8, August 2000 Minh, Ono, and Esashifrom the lower side in a tetramethyl ammonium hydroxide
solution at 80 °C ~step d!. The wafer is subsequently
dipped into a buffered-hydrofluoric ~BHF! solution
(50%HF:40%NH4F59:100! at 36 °C for etching the SiO2
tip until a Cr protrusion comes into sight ~step e!. Finally, the
protective Cr layer on the upper side of the tip is etched out
~step f! and approximately 120 nm Cr/Al ~80 nm Cr/40 nm
Al! is entirely deposited onto the lower side of the cantilever
to form an opaque layer ~step g!. After forming the opaque
layer, all of the fabricated cantilevers are inspected by a
scanning electron microscopy ~SEM! and an inverted light
microscope with a high magnification lens of 403, 0.75 nu-
merical aperture ~NA!.
It should be emphasized that two points are important in
the LOSE technique. First, the SiO2 tip should be formed by
thermal oxidation in wet oxygen at 950 °C ~step b, Fig. 1! so
that the thickness of the SiO2 film at the apex of the tip will
be thinnest compared with the other parts due to a large
compressive stress.12 It is experimentally observed from our
studies that after thermal oxidation at 950 °C for about 1 mm
in thickness, the SiO2 film at the apex of the tip was approxi-
mately 40% compared with that at the flat region. Second,
the aperture at the apex of the SiO2 tip should be formed by
etching the SiO2 tip in the BHF only from the lower side
using a protective layer on the upper side ~step e, Fig. 1! so
that a very small aperture could be created.
Our NSOM/AFM probe consists of a Si cantilever hav-
ing a metal-coated miniature aperture at the apex of the hol-
low SiO2 tip and an opposed electrode with a narrow gap
formed on Pyrex glass as schematically shown in Fig. 2~a!.
A capacitive gap of about 3 mm and electrodes on the glass
base are formed by photolithography, glass etching, metal
sputtering, and lift-off techniques. The glass is subsequently
diced and anodically bonded to the fabricated Si cantilever.
The proposed probe can be operated either as a conventional
NSOM/AFM or as a NSOM/capacitive-AFM probe. A typi-
cal SEM image of the fabricated NSOM/AFM probe is
shown in Fig. 2~b!. A crossed sectional view of the described
probe is also illustrated in Fig. 2~c!. The fabricated probes
are successfully operated as a NSOM/AFM in contact and
tapping modes. The NSOM/capacitive AFM was unsuccess-
FIG. 1. Process flow for making an aperture at the apex of the SiO2 tip on
the Si cantilever for the NSOM probe using the LOSE technique ~Ref. 11!.Downloaded 09 Oct 2008 to 130.34.135.158. Redistribution subject tful due to the damping of the cantilever when vibrating in
air. However, the possibility of electrostatic vibration of the
cantilever and capacitive detection of the deflection of the
cantilever is optimistic.
Sixteen cantilevers with different sizes ~lengths: 100–
900 mm; widths: 60–200 mm; thickness: 3–5 mm corre-
sponding to resonant frequencies from 5 to 625 kHz and
spring constants from 0.26 to 175 N/m! are fabricated on a
232 cm2 Si wafer. The dependence of the aperture size
formed at the apex of the SiO2 tip on the etching time in the
BHF solution at 36 °C is shown in Fig. 3. The deviation of
aperture size with measuring 300 apertures on the 2x2 cm2
sample is about 50 nm. This deviation may be due to an
inhomogeneity of the SiO2 film grown at step b in Fig. 1. It
should be noted that a dimension error of the patterning for
the tip area has not affected the size of the aperture. This
should be an advantage of the LOSE technique for fabrica-
tion of a highly reproducible aperture and a uniform aperture
array, for instance, for application in optical data storage. In
order to precisely control the aperture size, the BHF-like
etchant ~e.g., 50%HF:40%NH4F:H2O59:100:X! should be
FIG. 2. ~a! Three dimensional view of the proposed NSOM/AFM probe. ~b!
Typical SEM image of the fabricated NSOM/AFM probe using the LOSE
technique. ~c! Cross sectional view of the proposed NSOM/AFM probe.o AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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be done at a constantly low temperature.
Typical SEM images of Cr/Al coated SiO2 tips with
about a 60 and 500 nm aperture diameter on Si cantilevers
are shown in Figs. 4 and 5, respectively. The aperture was
exactly situated at the apex of the tip. Pinholes were not
found on the side wall of the SiO2 tip. It is experimentally
observed that after coating a thick opaque layer, the size of
the metallic aperture is somewhat reduced and can be ap-
proximately expressed as d5do2t/2, where d is the diam-
eter of the metallic aperture after Cr/Al sputtering, do is the
initial diameter of the aperture formed on the SiO2 tip, and t
is the thickness of the opaque layer.
Since the SiO2 tip is formed on the V-groove etch pit on
~100! the Si surface, the geometry of the tip is always very
stable. The shape of the aperture is always very round and
well defined so that it is also convenient for theoretically
calculating adaptation.
In case of the patterning window for the etched pit in
step a, Fig. 1 is not very square or round, a double aperture
can be formed as shown in Fig. 6. The distance between the
centers of two apertures is the same as the discrepancy of the
opening window of the etch pit. Normally, the size of the
two apertures in the double one is identical. In order to fab-
ricate only one small aperture, the patterning window for the
etch pit should be done by electron-beam lithography.
FIG. 3. The dependence of the aperture size on the etching time in the BHF
solution at 36 °C. The SiO2 tip was formed by thermal oxidation at 950 °C
for 9 h.
FIG. 4. SEM image of the fabricated 60 nm single aperture at the apex of
the tip after deposition of approximately 120 nm Cr/Al.Downloaded 09 Oct 2008 to 130.34.135.158. Redistribution subject tB. Throughput measurement
One of the challenges of the near-field technique, espe-
cially in the fields of near-field data storage and spectros-
copy, is how to increase the photon intensity confined at the
aperture or throughput. It is well known that the throughput
of an aperture NSOM probe is drastically decreased by de-
creasing the size of the aperture. The throughput of the con-
ventional optical fiber tip is quite low ~e.g., 100 nm diameter
aperture of optical fiber shows an approximately 1025 –1027
throughput!.13 To evaluate the throughput of the fabricated
aperture NSOM probe we proposed a simple measurement
setup as shown in Fig. 7~a!. A conventional photodiode with
a sensitivity of 0.5 mA/mW is used as a detector to collect
the near-field passing through the aperture or the far-field
light and is placed on an X , Y , Z scanner of the AFM. The
near-field or far-field light beam enters the detector and pro-
duces a photocurrent, which is proportional to the photon
intensity. The photocurrent in the output of the photodiode is
converted into a voltage signal and amplified by an elec-
tronic circuit. A laser diode of 780 nm wavelength and 2
mW power is focused on the tip area with an objective lens
of 503 , NA50.55 @the laser diode was already mounted on
the AFM system as shown in Fig. 7~a!#. The near-field in-
tensity is defined as the difference between the output signals
at the position where the tip is almost in contact with the
photodiode surface ~the contact position P1! and the release
FIG. 5. SEM image of the fabricated 500 nm single aperture at the apex of
the tip after deposition of approximately 200 nm Cr/Al.
FIG. 6. SEM image of the fabricated double aperture in case of the pattern-
ing window for the etch pit is rectangular.o AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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contact and release positions is about several micrometers
and is driven by the piezo scanner of the AFM. After evalu-
ating the near-field intensity ~P1–P2!, the probe is taken
away from the laser position without any change of the op-
tical system, so that the far-field light beam directly illumi-
nated on the photodiode ~P3!. It is observed that the far-field
signal P3 is unchanged when adjusting the tip–sample dis-
tance between the contact and release positions. The
throughput of the corresponding aperture is defined as the
ratio of ~P1–P2!/P3. Since the spot size of the laser beam is
about 1.6 mm and the size of the tip is about 15315 mm2.
Therefore, there is no incident far-field light outside the tip
area. Using the described measurement setup and definitions,
throughput of several apertures is evaluated and plotted in
Fig. 8.
FIG. 7. ~a! Schematic diagram of the throughput measurement setup. ~b!
The near-field intensity is defined as the difference of the output signals at
the contact and release positions ~P1–P2!. The throughput is defined as
~P1–P2!/P3.
FIG. 8. Throughput of the fabricated aperture NSOM probes as a function
of the aperture diameter.Downloaded 09 Oct 2008 to 130.34.135.158. Redistribution subject tFrom Fig. 8, it can be seen that the throughput of our
probe is several orders of magnitude higher than that of the
conventional optical fibers4,13 and is also higher than other
published throughput on micromachined tips.14,15 The reason
for this is that the opaque layer is formed on the outer cur-
vature of the SiO2 tip. The outer curvature angle of the ther-
mal SiO2 tip grown at low temperature at the apex area is
very large ~almost flat in the area of about 0.530.5 mm2 at
the apex or nearly equal to the curvature of a sphere with
about 1 mm diameter! ~see Fig. 9, for instance!. Therefore,
the cut-off effect ~if the incident light passes through a nar-
row wave guide the diameter of which is less than the wave-
length, absorption of light by the coated metal results in a
decrease of the throughput! is minimized. The laser light
beam comes to the aperture without any strong losses inside
the tip. Furthermore, the aperture is empty, i.e., no glass core
as in the optical fiber tip, therefore many modes of light can
reach the aperture and transmit through the aperture the same
as transmitting through a small aperture in a perfectly con-
ducting plane.16 However, for the aperture smaller than 100
nm, the throughput is still drastically decreased as shown in
Fig. 8.
C. Fabrication of the aperture having a metal
nanowire at the center
With many experiments, it is observed that in case the
protective Cr film on the upper side of the tip ~step c, Fig. 1!
is thick enough ~normally thicker than 150 nm! the etching
rate of the SiO2 at the apex area of the SiO2 tip in the BHF
~step e, Fig. 1! is much faster than the other parts. Using this
effect a tip for a multipurpose NSOM probe can be fabri-
cated. SEM images of the SiO2 tip after etching in the BHF
at 36 °C in 2 and 5 min are shown in Figs. 9 and 10, respec-
tively. By completely etching the SiO2 , the shape of the
protective Cr film could be observed as shown in Fig. 11.
The shape of the Cr protrusion in Fig. 11 clearly shows the
modification of the interior contour of the etched pit after
low temperature oxidation. The mechanism of this effect has
been unclear up to now; however, it seems that when the Cr
tip is starting to appear in the BHF etchant ~see Fig. 9!, the
SiO2 around the Cr tip is etched at higher speed, this leads to
an aperture having a Cr protrusion at the center as shown in
Fig. 10. The SiO2 etching speed is highest at the interface of
FIG. 9. SEM image of the SiO2 tip after etching in BHF for 2 min. The
aperture is starting to appear at the apex.o AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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square or round, a double aperture with two Cr protrusions
can be formed. To clarify the effect of enhancing the SiO2
etching speed at the apex area we need some more experi-
ments. It is observed that the protected Cr film on the upper
side of the etched pit ~formed by sputtering at 300 W, 25
mTorr argon at room temperature! causes a tensile stress. We
presumed that this tensile stress becomes largest at the apex
point due to the geometrical structure of the tip. Since the
binding between the Cr film and the SiO2 film is strong, the
SiO2 at the apex of the tip develops some tensile stress so
that enhancing the SiO2 etching rate in the BHF. The above
mentioned effect is reproducible for tips on the same wafer
and for different wafers. The mechanism of the effect is un-
der study by measuring the stress caused by using different
kinds of metal with different thickness as a protective layer
on the upper side of the SiO2 tip.
The structure shown in Fig. 10 suggests an extension of
the LOSE technique to fabricate a NSOM probe with a tiny
aperture and a metal nanowire at the center of the aperture.
The near-field photon at the apex area is expected to be en-
hanced by exciting and coupling with a surface plasmon at
the apex of the metal wire.16 The metal protrusion can be
used as a tip for topographic imaging and it protects the
aperture against damage caused by contact with the surface
of the sample. Although it is certainly not easy to make
FIG. 10. SEM image of the SiO2 tip after etching in BHF for 5 min. The
aperture is created with a Cr protrusion at the center of the aperture.
FIG. 11. SEM image of the Cr protrusion after completely removing the
SiO2 by etching in the BHF. Shape of the Cr protrusion shows a modifica-
tion of the etch pit after oxidation at low temperature.Downloaded 09 Oct 2008 to 130.34.135.158. Redistribution subject toptical near-field imaging or spectroscopy with an atomic or
molecular resolution, we do expect to develop a structure to
achieve this goal. This structure should be a good candidate
for the multipurpose NSOM probe such as high throughput
NSOM,16 tunneling-electron luminescence microscope,17
nanoscilloscope,18 NSOM/scanning tunneling microscopy
probe, and thermal profiler19 as well.
In short, the described fabrication technique shows many
advantages. First, the aperture formed at the apex of the SiO2
tip is decided by the inner contour of the oxidized etch pit,
therefore a very small aperture and a homogeneous aperture
array can be easily created by selectively etching the SiO2 tip
from the outer side. Second, since the opaque layer is formed
on the outer contour of the oxidized etch pit, the curvature
angle of the metal screen is large, leading to a high optical
transmission efficiency of the probe. Third, a tip having an
aperture and a metal nanowire at the center of the aperture
for the multipurpose NSOM probe can be fabricated. The
technique also has the disadvantage of a poor lateral resolu-
tion of topographic imaging due to the large curvature angle
of the tip. However, by using the tip with a metal protrusion
at the center of the aperture, higher lateral resolution in to-
pographic imaging can be achieved.
III. MEASUREMENT SETUP, RESULTS, AND
DISCUSSION
Normally, in the case of an optical fiber NSOM probe,
the far-field light beam is coupled into one end of the fiber
~cleaved end! and propagates toward the tapered end. To
FIG. 12. Measurement setup of the NSOM/AFM system for the fabricated
probe in contact and tapping modes. The setup is based on the commercial
AFM system ~OLYMPUS-NV2000!. The doted lines in the figure are for
tapping mode only.o AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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force or optical detection technique is often used. In this
article, we propose a simple characterization setup for the
fabricated NSOM/AFM probe in contact and tapping modes
that is developed from the commercial AFM system as
shown in Fig. 12. The fabricated NSOM/AFM probe is
mounted on the AFM stage. The tip–sample distance is kept
constant by utilizing the well-developed AFM technique.
The light beam from the laser diode of 780 nm wavelength,
2 mW power is directly focused on the tip area using an
objective lens of 503 , NA50.55. A part of the incident light
is reflected by the tip’s walls and is monitored by a deflection
detector. The near-field light passing through the aperture is
reflected by the surface of the sample, is collected by a long
distance working lens ~203 , 0.28 NA!, and is detected by a
photomultiplier ~PMT!. The signal from the output of the
PMT is amplified and acquired by the AFM controller as an
FIG. 13. ~a! The AFM and ~b! corresponding illumination mode NSOM
images in contact mode of 200 nm Cr grating on glass substrate using the
fabricated NSOM probe with the aperture of about 120 nm diameter.Downloaded 09 Oct 2008 to 130.34.135.158. Redistribution subject toptical signal. For observation of the probe on the side view
when approaching on the surface of sample, a charge
coupled device camera connected to a monitor is used as
shown in the Fig. 12. The variation of the reflected near-field
light at the surface of the sample can be observed on the
monitor. Using the described measurement setup and the fab-
ricated probe with the aperture of about 120 nm, NSOM and
corresponding AFM images in contact mode of 200 nm Cr
grating on glass substrate are simultaneously observed as
shown in Fig. 13. The scanning speed was 2 s/line. From Fig.
13, it should be noted, however, that even with a 120 nm
aperture size, very small Cr particles ~about 20 nm diameter,
i.e., l/39! can be observed.
The system presented here is specialized for illumination
mode, however, it is possible to use the fabricated aperture
tip as a receiver for collection mode NSOM. We also expect
to develop this setup for optical near-field and Raman near-
field spectroscopy as well.
The setup shown in Fig. 12 can also be used for NSOM/
AFM in noncontact or tapping modes ~dot lines in Fig. 12!.
The probe is mounted on an AFM noncontact stage on which
the cantilever can be vibrated by a piezo element. The near-
field signal modulated by the vibration signal is lock-in am-
plified using the vibration signal applied on the piezo ele-
ment as a reference and acquired by the AFM controller as
shown by dotted lines in Fig. 12. The system is operated in
slope detection method with a scanning speed of 1s/line. The
probe is vibrated at an amplitude of about 120 nm.
Using the fabricated probe ~about 150 nm aperture,
length: 400 mm; width: 150 mm; thickness: 4 mm; resonant
frequency: 30 kHz; and Q factor: 125! the first result of the
NSOM image of about 300 nm diameter latex spheres on
mica substrate in tapping mode are observed as shown in
Fig. 14. The shape of the latex spheres shown in Fig. 14 is
not very round due to the drift of the stage, however, it offers
FIG. 14. The illumination mode NSOM images in tapping mode of Cr
coated 300 nm diameter latex balls on a mica substrate using the fabricated
NSOM probe with the aperture of about 150 nm diameter. The white round
parts show the latex spheres and some black round holes show the position
of the missing latex spheres.o AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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such as biosample ~virus, proteins, etc.!.
In short, the LOSE technique is very useful for fabrica-
tion of the aperture at the apex of the SiO2 tip and a tip
having a metal nanowire at the center of the aperture for a
multipurpose NSOM probe. The fabrication technique is
quite simple, low cost, mass productable, and highly repro-
ducible. The fabricated aperture probe shows a very high
throughput compared to other published ones due to a large
curvature angle of the SiO2 tip that reduces strong losses of
the incident light in the tip. Using the proposed setup and
probe, it is very easy to combine the AFM system with the
NSOM system without any additional supports except an
optic system for detection of the near-field light in illumina-
tion mode. The setup and probe can be developed for inves-
tigation of optical, mechanical, electronic, magnetic, and
thermal properties of samples on a nanometer scale.
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